We have investigated the effects of exogenous addition of lactate and of the stimulation of endogenous production of lactate on protein synthesis in the anterogradely perfused rat heart. In the absence of exogenous lactate, hearts release lactate into the perfusate. At lactate concentrations of 0.2 mm and greater, the heart takes up lactate. The best fit for lactate uptake plotted against exogenous lactate concentration is a rectangular hyperbola with a maximal rate of 220 ,tmol/2 h per heart (wet wt. about 1 g). Uptake is half-maximal at about 1.3 mM-lactate. The stimulation of protein synthesis also exhibits a rectangular-hyperbolic dependence on exogenous lactate concentration, with maximal stimulation being about 38 %. Half-maximal stimulation occurs at about 0.9 mM-lactate. We stimulated endogenous lactate production by perfusion with 2-cyanocinnamate (an inhibitor of mitochondrial pyruvate transport) at concentrations up to 70 uM. Cardiac outputs, intracellular pH and the concentrations of phosphocreatine and the adenine nucleotides were not altered. Atrial protein-synthesis rates were unchanged, but ventricular rates were decreased. We conclude that endogenous lactate production is unlikely to stimulate protein synthesis and that the stimulation of protein synthesis by exogenous lactate is related to its uptake.
INTRODUCTION
The provision of exogenous lactate (or other non-carbohydrate fuel substrates) stimulates protein synthesis in the perfused heart [1] [2] [3] [4] by an unknown mechanism. In hearts taken from fasted rats, a correlation between protein-synthesis rates and PCr/ creatine concentration ratios was observed in perfusions with various fuels (glucose, lactate, pyruvate, acetoacetate or 3-hydroxybutyrate) [3] . However, the correlation was not seen when hearts from fed rats were used [3] . With lactate plus acetate as fuels, protein-synthesis rates were stimulated [4] , but pH, fell [5] , thus excluding mediation by intracellular alkalinization [6] . Interventions that stimulate cardiac protein synthesis also often stimulate cardiac lactate output (see Table 1 ). If lactate were to mediate the effects of some of these interventions, at least three mechanisms could be suggested. Protein synthesis could be stimulated by (i) a direct action of increased extracellular lactate, (ii) increased intracellular production of lactate, or (ii) re-uptake of endogenously produced lactate from the extracellular medium. In this paper, we have examined the effects of exogenously supplied lactate on cardiac protein synthesis and lactate uptake. We have also examined whether an increase in endogenous lactate production induced by perfusion with 2-cyanocinnamate (an inhibitor of mitochondrial pyruvate transport at low concentrations [7, 8] Male Sprague-Dawley rats, from Harlan-Olac, Bicester, Oxon., U.K., were kept in the animal house at 22 'C for at least 3 days before use. During this time, they had free access to food and water. Lighting was set for a 12 h-light/ 12 h-dark cycle, with the light phase beginning at 08:00 h.
Anterograde heart perfusions
Hearts from fed rats of 250-300 g body wt. were removed and perfused anterogradely with 100 ml of perfusate as described previously [6, 9, 10] . To assist interconversion of results, the heart-wet-wt./body-wt. ratio is 0.0032 and the dry-wt./wet-wt. ratio is 0.2. Four types of perfusions were performed: (i) perfusions in which pH, and pH. were varied [6] , (ii) perfusions in which various exogenous concentrations of sodium lactate were present, (iii) perfusions with 2-cyanocinnamate, and (iv) perfusions in which hearts were 'volume-overloaded' [10] [11] [12] .
Perfusions in which pHi and pHo were varied were carried out precisely as described in [6] Vol. 281 [5, 16] (+ 65 to 70 %)
re-uptake monitored [14] . Samples of perfusate were removed periodically during the perfusion and were treated as described previously [14] . Perfusate volumes were estimated by the dilution of [U-'4C]phenylalanine radioactivity. At the end of the perfusion period, hearts were either removed from the cannulae, blotted and frozen, or were 'freeze-clamped' with tongs cooled in liquid N2' Protein was prepared for the measurement of [U-14C]-phenylalanine incorporation as described previously [15] .
Low concentrations (70 uM or less) of 2-cyanocinnamate predominantly inhibit mitochondrial uptake of pyruvate [7, 8] . In experiments with 2-cyanocinnamate, the fuel provided was usually 20 mM-glucose, although in some experiments 20 mMsodium acetate (prepared as described in [14] ) was substituted and the NaCl concentration was decreased accordingly. 2- Cyanocinnamate was present in both the retrograde pre-perfusion and the anterograde perfusion. In the latter, the filling pressure was 0.5 kPa and the aortic pressure was 7 kPa. Cardiac output was monitored during these perfusions. Protein-synthesis rates were measured as above. Perfusion volumes were estimated as above or as described previously [14] .
In some experiments with 2-cyanocinnamate, steady-state pHi was determined by the partition of [2-14C]DMO as described previously [6, 16] . Hearts were perfused anterogradely for 75 min.
[2-14C]DMO was added after 15 min. Either 3H20 or [3H]sucrose was added at 55 min or 65 min, respectively, in order to measure the extracellular and intracellular spaces (0.40 and 0.45 ml/g wet wt. respectively). The sizes of the extracellular and intracellular spaces were unaffected by any of the perfusion conditions.
In the final set of perfusions, hearts were subjected to a 'volume overload' as described previously [10] [11] [12] . Here [6] ) and by others [20] , an increase in pHo initially increased lactate output by the perfused heart. The maximum perfusate lactate concentration was about 1 mM and occurred at 30 min of perfusion at a pHo of 8.21. Thereafter, there was re-uptake of lactate at the higher pHo values [6] . By using polynomial (y = a + bx + cx2 + dx3 + ex4) regression analysis, the correlations between protein-synthesis rates over the 30-120 min period and perfusate lactate concentrations at 60 min or 120 min were relatively poor (P = 0.011 or Data were taken from the experiments described in [6] Dependence of lactate uptake by the perfused heart on perfusate lactate concentration Hearts were perfused as described in the Experimental section. Net lactate uptake was measured over the 120 min of anterograde heart perfusion. Time-averaged perfusate lactate concentrations were calculated. A negative value indicates a net output of lactate. For the purposes of curve-fitting to a rectangular hyperbola, the minimum value of lactate uptake (-49.7 ,pmol/2 h per heart) was subtracted from all values. The equation for the rectangular hyperbola shown is (y+49.7) = 269x/(0.911 +x) (r2 = 0.771, P < 1016, 67 degrees of freedom). Goodness-of-fit was assessed by using actual distances. 34 degrees of freedom). Goodness-of-fit was assessed by using actual distances. 0.073 respectively). However, the correlation (Fig. 1) between protein-synthesis rates and lactate re-uptake over the 60-120 min period was better (P = 1.2 x 10-i). These experiments suggest the possibility that re-uptake of endogenously produced lactate may be involved in the stimulation of cardiac protein synthesis by increased pH./pHi [6] . The reasons for the increase in lactate output with increasing pH./pH, are not clear. They may include a mismatch between 02 supply and demand when the pressurevolume work done is increased by the rise in pH./pH, [6, 16] .
Alternatively, an increase in cytoplasmic pH may diminish the pH gradient across the mitochondrial inner membrane, thereby decreasing the efficiency of oxidative phosphorylation and consequently increasing the dependence of the heart on anaerobic glycolysis, or it may increase glycolytic flux by activation of phosphofructokinase [21, 22] . Lactate uptake values were plotted against the time-averaged perfusate lactate concentrations, and the data were fitted to a rectangular hyperbola (Fig. 2) . In the absence of exogenous lactate, perfused hearts are net producers of lactate. At about 0.2 mM-lactate, the heart switches to net uptake of lactate, which increases with increasing perfusate lactate concentrations to a -maximum of about 220 ,umol/heart per 2 h of perfusion. This corresponds to a rate of lactate uptake of 4-5 nmol/,ul of intracellular water per min, and is less than the V.ax for lactate transport calculated for guinea-pig cardiomyocytes (28 nmol/,ul of intracellular water per min [23] ). However, our maximal rate of lactate uptake is not a kinetic V..ax as such (see [23] for further discussion). The time-averaged lactate concentration at which lactate uptake is half-maximal (i.e. 110 ,tmol/heart per 2 h) is about 1.3 mm. This value is close to the Km for lactate uptake (2.3 mM) obtained by Poole et al. [23] for guinea-pig cardiomyocytes at 11°C.
Glucose uptake is inhibited by lactate uptake. In the absence of exogenous lactate, the rate of glucose uptake is 140 + 9 /smol/heart per 2 h (3 observations). At an initial lactate concentration of 10 mm, the rate of glucose uptake is 26 + 9 /umol/heart per 2 h of perfusion (3 observations, P < 0.001). The rates of utilization of glucose equivalents (i.e. glucose + 'lactate) in each condition are thus similar.
Effects of perfusate lactate concentration and cardiac lactate uptake on protein synthesis
Rates of protein synthesis exhibited a rectangular-hyperbolic dependence on time-averaged lactate concentration (Fig. 3) . Protein synthesis was half-maximally stitnulated at 0.94 mmlactate, which is very similar to the value for lactate uptake. Since plasma lactate concentrations are in this range, a physiological role for lactate is implied with respect to both cardiac energy provision and maintenance of cardiac protein-synthesis rates. The maximal stimulation of protein synthesis as predicted by Fig. 3 is 38 %. We also correlated protein-synthesis rates from individual perfusions with individual values of lactate uptake (Fig. 4a) . As expected, a strong correlation was observed, which appeared to approach a maximum at the highest lactate uptake rates. The linear-regression line with means of data for the stimulation of protein synthesis expressed as a percentage of the maximal stimulation (at a nominal exogenous lactate concentration of 15 mM) is shown in Fig. 4(b) . From this plot, we assessed the maximum proportion of the stimulation of protein synthesis by increased pH, [6, 16] that could be attributed to lactate re-uptake over the period of measurement of protein synthesis. Protein synthesis is maximally stimulated at pH1 values of about 7.65-7.70 or greater [6, 16] , when lactate reuptake was calculated to be about 60-65 ,amol/heart over 2 h of perfusion [6] . This is only sufficient to account for about 35 % of the maximum stimulation of protein synthesis. In addition, we have observed stimulation ofprotein synthesis (albeit proportion- (9) . A full statistical analysis was not undertaken, but the lactate released after 110 min of perfusion at all 2-cyanocinnamate concentrations was significantly different (P < 0.001) from that for perfusions in the absence of 2-cyanocinnamate. In (b), pyruvate output (A) was monitored in addition to lactate output (U). Here the 2-cyanocinnamate concentration was 70 suM. Pyruvate output in the absence of 2-cyanocinnamate was very low (4 ±2 ,umol/heart over the 2 h perfusion period).
ally less than in the perfused heart) by increased pH./pH, in isolated cardiomyocytes [24] . Here, lactate production is undetectable, presumably because the cells are quiescent and metabolizing glucose only at a basal rate. In all perfusions, cardiac metabolite concentrations were measured. In the 36 perfusions from which data were used for These were significantly greater (P < 0.001) than the PCr concentration in the absence of exogenous lactate (24.0 + 0.6 nmol/mg of protein, 6 observations). We attempted to correlate proteinsynthesis rates with PCr concentrations, as we have done successfully previously [5, 6, 16] . However, the polynomial (y = 125 a + bx + cx2 + dx3 + ex4) regression line showed three points of inflexion over the range of measured PCr values, and was thus not considered to be significant [6] . Thus, in this instance, it cannot be suggested that protein-synthesis rates are regulated by PCr, creatine or PCr/creatine concentrations.
Characteristics of hearts perfused with 2-cyanocinnamate Perfusion of hearts with 2-cyanocinnamate up to 70 gM did not significantly diminish cardiac performance ( Table 2 ). As expected from [8] , lactate output, pyruvate output and glucose uptake were all significantly stimulated by 2-cyanocinnamate ( Fig. 5 and Table 3 ). There were small decreases in pHo in perfusions with 2-cyanocinnamate (Table 4) . These were presumably caused by the release of lactic acid and pyruvic acid into the perfusate. The rates of lactate output in the presence of 70 /uM-2-cyanocinnamate were greater than those seen with high concentrations of insulin [10] or with hypoxia produced with perfusates gassed with 02/N2/CO2 (10:9:1) [11, 15] , but were similar to those seen in the initial 30 min when hearts were perfused at high pHo values [6] . (In [6] , the dry weights of the perfused hearts were about 0.2 g.) The perfusate lactate concentrations after 110-120 min of perfusion in the presence of 70 /LMcyanocinnamate were 3-7 mm (Fig. 5 and Table 3 ). The perfusate concentration of pyruvate (which also stimulates cardiac protein synthesis [2, 3] ) reached about 2 mm after 120 min (Fig. Sb) [25] .
Protein synthesis in hearts perfused with 2-cyanocinnamate Ventricular protein-synthesis rates were decreased significantly rather than increased by perfusion with 2-cyanocinnamate with 20 mM-glucose as fuel (Table 4 , Expt. 1). Rates in atria were unaltered (Table 4) . We tried to identify the cause of the inhibition of ventricular protein synthesis. A decrease in pHi to hypophysiological values inhibits protein synthesis in the perfused heart [6] . Although lactate and pyruvate production was increased by 2-cyanocinnamate (Fig. 5) , no decrease in cardiac pH1 was detectable (Table 4 ). This implies that the working heart can maintain a stable pH, even in the face of increased lactate production, and hence that intracellular acidosis does not occur when coronary flow rates are high. It also implies that the transport of endogenous lactate out of the heart is rapid under these conditions. There were no significant decreases in ATP or PCr concentrations, nor were there any consistently significant increases in ADP or AMP concentrations in hearts perfused with 2-cyanocinnamate ( We studied another condition (the 'volume-overloaded' heart) in which the lactate output is increased (Fig. 6 ). Here the left-atrial filling pressure is raised, and consequently the hydraulic work done by the heart is increased because ofthe increase in the volume component [10, 11] . In these hearts, there is a mismatch between 02 supply and demand because of insufficient coronary flow and the limited 02-carrying capacity of the perfusate. This leads to an increased reliance of the heart on anaerobic glycolysis [10] . There was no evidence that protein synthesis is stimulated in 'volumeoverloaded' hearts (Table 6 ). These experiments were not unequivocal, since 'volume-overload' significantly decreases ATP and total adenine nucleotide concentrations (by 20-25 %) and the ATP/ADP concentration ratio (Table 6 ). It could be argued that the decrease in the ATP concentration could limit any stimulatory effects of an intervention (see also [15] ). For this reason, we have tried to draw together data from our own work using the anterogradely perfused heart relating to this problem ( production of lactate with respect to the stimulation of protein synthesis. However, there does seem to be a difference, since the former causes an intracellular acidosis [5, 26] , whereas the latter does not, and instead decreases pH. (Table 4) . Lactate is transported (or diffuses at high concentrations) into and out of the heart across the sarcolemma as the free acid [23, 27] . If the intracellular concentration were to be higher when lactate is supplied exogenously than when its endogenous production is stimulated by 2-cyanocinnamate, this could account for the lowering of pHi by exogenous lactate, the relative constancy of pHi with 2-cyanocinnamate and the stimulatory effect of exogenous lactate on protein synthesis. More complex interpretations are possible. In the heart, one of the major mechanisms in the recovery from intracellular acidosis is an increased activity of the Na+/H+ exchanger [28, 29] . If transport of endogenous lactate out of the heart is sufficiently rapid, there may be no change in pHi and hence no activation of Na+/H+ exchange. However, if lactate uptake decreases pHi, Na+/H+ exchange may be activated.
Increased membrane Na+ flux into the cardiac cell may stimulate protein synthesis by an unknown mechanism [30] . Alternatively, it may be that the mitochondrial oxidation of pyruvate derived from lactate is the critical determinant for the stimulation of protein synthesis. We conclude that endogenous lactate production is unlikely to be responsible for the stimulation of protein synthesis by insulin, adrenaline or acetate (which stimulates protein synthesis in the absence of glucose without stimulating lactate production [4, 9] ). However, we have not yet excluded the possibility that part of the stimulation of protein synthesis by increased pH./pH1 could be caused by re-uptake of endogenous lactate by the heart. This work was supported by the U.K. Medical Research Council and the British Heart Foundation.
